Soil degradation on Alpine grasslands is triggered mainly by extreme topography, prevailing climate conditions and land use practices. Suitable monitoring tools are required to assess soil erosion with high temporal and spatial resolution. In this study, we present an unprecedented and comprehensive approach based on objectbased image analysis (OBIA) to map and assess all occurring erosion processes within a catchment (Urseren Valley, Switzerland). Five high-resolution (0.25 0.5 m) orthophotos with RGB spectral information (SwissImage) produced during a 16-yr period were analyzed. Soil erosion sites are classified according to their type (shallow landslide or sites with reduced vegetation cover affected by sheet erosion) or the triggering land use management impacts (haying, trampling) with the Overall Accuracy ranging between 78 and 88% (Kappa 0.65-0.81) for the different years. The area affected by soil erosion increases for all classes during the study period (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016) by a total of 156 ± 18% (increase consisting of 3% shallow landslides, 5% livestock trails, 46% sheet erosion and 46% management effects). Slopes at lower elevations ( < 1800 m asl) are increasingly affected by livestock trails and sheet erosion caused by trampling and grazing as well as other management practices. For areas located above the agricultural land use, an increase in shallow landslides, as well as sheet erosion, can be observed. This points to climate change as a triggering factor of soil degradation, which has not been identified so far as a factor for soil erosion in the Urseren Valley. While OBIA yields conservative estimations mainly due to limitations of spatial resolutions, the method facilitates a comprehensive overview of the ongoing temporal and spatial development regarding soil degradation within the Urseren Valley.
Introduction
Alpine grasslands can be strongly affected by various types of soil erosion triggered by wind, water, snow, gravity and management impacts (e.g., trampling). Future climate change is expected to have a strong impact on the Alpine region causing not only an increase in temperature but also a change in frequency and intensity of precipitation events as well as strongly altered snow dynamics (Beniston, 2006 (Beniston, , 2012 CH2011, 2011 Frei et al., 2018; CH2018, 2018 . Along with changing land use practices, such as intensified use of pastures, these changes are expected to have an increasing effect on the soil erosion rates in Alpine regions (Bosco et al., 2009; Alewell, 2008, 2009; Scheurer et al., 2009) . Certain Alpine regions already experience high rates of soil erosion (e.g., average erosion rate of 180 t km yr 2 1 with a maximum in erosional hot spots of 3000 t km year 2 1 in the Urseren Valley) and thereby exceed Alpine soil production rates (for old soils between 54 t km yr 2 1 and 113 t km yr 2 1 , for young soils between 119 t km yr 2 1 and 248 t km yr 2 1 ) (Alewell et al., 2015) . In combination with the extreme prevailing topographic and climate conditions, the land use can be considered unsustainable . The main types of erosion processes occurring in our study area (Urseren Valley, Central Swiss Alps) are landslides, sheet erosion (e.g., rill and inter-rill erosion), livestock trails and damages due to management (i.e., haying, use of heavy machinery, over-fertilisation). We separate livestock trails from other management effects due to the very different appearances, triggering factors and distribution in the catchment.
Shallow landslides typically have a size of 2 200 m 2 and occur when a triggering event, such as heavy and prolonged precipitation or movement of the snow cover displaces the topsoil layer (Ceaglio et al., 2012; Wiegand and Geitner, 2010a; . In many cases it is a combination of both triggers which eventually lead to landslides (e.g., disturbance of surface stability by the snow, then water saturation with heavy rain events). These areas continue to be exposed to further erosion by wind and water and might take years to decades to re-vegetate or might even steadily increase. While shallow landslides are a naturally occurring phenomenon, pasture management (e.g., trampling by livestock, stocking density) can have a destabilizing effect, increasing the local susceptibility to landslides (Maag et al., 2001; Meusburger and Alewell, 2008; Schauer, 1975; Tasser and Tappeiner, 2002) . Sheet erosion is the result of surface run-off and the consequent detachment and displacement of topsoil particles down slope (Alewell et al., 2019; Nearing et al., 2017) . Sheet erosion can affect large areas and occur for long periods of time before being noticed. Livestock trails are the direct result of trampling by livestock, when the vegetation cover has not enough time for recovery and the soil is compacted (Apollo et al., 2018) . These trails mainly develop in pasture areas following the contour lines of the slope, when livestock traverse steep areas. The reduction of vegetation cover through trampling and overgrazing can increase sheet erosion.
Scientific communities working on the different phenomena of soil erosion are often separated due to the varying methods applied to capture these erosion processes (e.g., field measurements, mapping, modeling or tracer techniques). However, erosion processes interact and boundaries are not clear between the processes and may be overlapping. Local authorities need information on the overall soil degradation situation, which is impossible to achieve from surveys at ground level in the field. Here, remote sensing offers the opportunity to observe and monitor different erosion processes at high spatial resolutions. This might set the methodological framework to study spatiotemporal auto-correlation between different erosion processes and will extend the study of susceptibility mapping beyond landslides to other processes of soil degradation.
All above mentioned erosion processes can be observed on highresolution orthophotos (Fig. 1 ). While many changes have occurred over the course of 16 years, such as the general vegetation cover (e.g., reduction of shrubs), an increase in bare soil sites as well as a reduction of the vegetation cover in certain areas is evident. A photograph taken in 2009 shows the severity of these erosion features in the field (Fig. 2) . As object-based image analysis (OBIA) has proven to be a reliable tool for many difficult detection tasks in the field of remote sensing, especially in the case of high-resolution images (pixel size < object size) (Blaschke, 2010; Chen et al., 2018) , our hypothesis is, that in spite of very different color ranges and brightness between photos, temporal development of degradation features can be mapped.
When applying this semi-automated method, the pixels of remotely sensed images are first grouped into segments producing image objects containing pixels with similar spectral properties. The image objects are then classified based on the information associated with the objects, such as spectral, spatial, textural or contextual properties (Martha et al., 2010 (Martha et al., , 2012 Stumpf and Kerle, 2011) . In the case of soil erosion, OBIA has been extensively used to map landslides on satellite images, mainly with the aim of producing landslide inventory maps (Eisank et al., 2014; Guzzetti et al., 2012; Hölbling et al., 2015 Hölbling et al., , 2016a Hölbling et al., , 2017 Martha et al., 2012; Mayr et al., 2016; Stumpf and Kerle, 2011; . In some studies, aerial images were used for mapping purposes instead of or in addition to satellite images (Hölbling et al., 2016a, b; Moine et al., 2009) . Other applications of OBIA for capturing soil erosion consist of rill and gully erosion mapping (D'Oleire-Oltmanns et al., 2014; Johansen et al., 2012; Karami et al., 2015; Shruthi et al., 2011 Shruthi et al., , 2014 Shruthi et al., , 2015 . Gully erosion is not assessed in this study, as it does not occur on grassland in our catchment, but might be captured with the technique in other areas.
While the different scientific communities have been using OBIA to map erosion features with distinct boundaries (e.g., gullies, landslides), no study known to the authors has been conducted on mapping all occurring erosion processes including diffuse boundaries (e.g., sheet erosion) in a single approach for Alpine grasslands. With this study we present a holistic approach using OBIA to identify all visible occurring processes causing soil loss on Alpine grasslands (Urseren Valley) on high-resolution RGB orthophotos. In many cases the transitions between different types of erosion processes are not distinct, but for this study we assign classes to eroded and degraded sites according to their leading erosion type or process (shallow landslides, sheet erosion) and erosion caused by land use management (livestock trails, management effects) with a set of rules defined in Section 3.2 based on typical visual characteristics of the classes, such as spectral properties or geometric attributes.
By mapping multiple orthophotos (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) we aim at a time series that allows for a comprehensive analysis in space and time of all the erosion processes. Spatio-temporal maps will give us valuable insights into the erosion dynamics of the catchment including even small scale erosion features, which is crucial information for sustainable land management .
Study area
The selected study site is located in the high-alpine Urseren Valley (Fig. 3 ) in the Swiss Central Alps (Canton Uri) and covers an area of 26 km 2 . The valley has a mean slope angle of 27 and is discharged by the river Reuss. With elevations between 1400 and 3200 m asl the valley is exposed to subalpine-alpine climate conditions. The mean annual temperature of the nearest station (Andermatt, 1438 m asl) is 4.0 C (period 1981 to 2011) and the mean annual rainfall is 1400 mm (max. in October, min. in February). On average, the maximum yearly precipitation intensity is 110 mm/3d with values ranging up to 270 mm/3d in the year 2000 (Source MeteoSwiss). The valley is covered with snow from November until April (mean seasonal snow depth of 60 cm) with a maximum in March (mean snow depth of 95 cm) (Source MeteoSwiss). While the run-off is dominated by snow melt from May until June (max. in June), summer and autumn floods can also be major contributors to the flow regime.
The orientation of the U-shaped valley is NE-SW and is situated along a tectonic fault line separating Gneiss of the Gotthard massif on the south and Granite of the Aare massif on the north (crystalline basement called "Altkristallin" (Labhart, 1999) ). Along the fault line there are vertically dipping layers consisting of Permacarbonic (sandyclay deposits) and Mesozoic sediments. The latter consists of different material depositions from the Triassic period (sandstone, rauhwacke and dolomite), early Jurassic period ("Lias"; dark clay-marl and marl) as well as from middle Jurassic period ("Dogger"; clays, marl and limestone). During orogenesis, the material was metamorphosed to schist (Angehrn, 1996; Wyss, 1986; Kägi, 1973) . The south-east facing slope contains clay-rich soils produced by weathering of the calcareous bedrock which provide a high risk for slope instabilities. The prevailing soil types in the Urseren Valley are Podzols and Cambisols (after IUSS Working Group WRB (2006) ). Leptosols are common on steep slopes and on elevations above 2000 m asl (with Rendzic Leptosols on calcareous substrate). At the valley bottom clayey Gleyic Luvisols and Gleysols can be found. Due to the deforestation of the valley, started by early settlers in 1100 A.D., the slope instability is high, avalanches are frequent and therefore an increased susceptibility to soil erosion is present (Ceaglio et al., 2012; Freppaz et al., 2010; Korup and Rixen, 2014; Stanchi et al., 2014) . The potential tree line is located at approximately 2150 m asl (C. Körner, personal communications). The south-east facing slope is mainly covered with grassland and is generally more productive due to the geological bedrock and therefore is more intensely used for pasturing. The north-west facing slope is less productive and covered with shrubs, mainly Alnus viridis.
Livestock consists primarily of cattle and sheep with a small number of goats. With an increasing number of livestock the stocking density increased over time, causing more intense use of grassland pastures. For more details on the history of the land use in the Urseren Valley see Meusburger and Alewell (2008) .
Materials and methods

Materials
Orthophotos
Orthophotos (SwissImage) are georeferenced aerial images produced by Swisstopo (2010) that have been corrected for the influence of the terrain and of the camera. This product covers the entire area of Switzerland and is updated every three years during the vegetated season. The images contain the visible spectral bands red, green and blue (RGB) and have a ground sample distance (GSD) of 0.5 m for older images and 0.25 m for newer images (see Table 1 for details). We used the CORINE land cover data set (EEA, 2006) (spatial resolution of 100 m) to crop the orthophotos according to the presence of grasslands in the Urseren Valley. Due to the coarse resolution of the CORINE data set precise delineation of grassland areas is not possible, however, large areas containing high alpine rock fields can successfully be excluded.
Additional data sets
The digital terrain model (DTM) SwissALTI3D (Swisstopo, 2014 ) has a spatial resolution of 2 m. Using ArcGIS (Version 10.5) we calculated the slope, aspect and standard curvature (plan and profile) from the DTM, which yield important ancillary information for the classification process. We also calculated the Excess Green index (ExG), which is a vegetation index that can be calculated from only visible spectral bands (Woebbecke et al., 1995; Mayr et al., 2016) and is calculated as follows:
, .
Furthermore, thematic data sets (taken from the topographic landscape model SwissTLM3D (Swisstopo, 2019) ) containing information on the presence of roads, rivers/streams and buildings were used to refine the rule set. All above mentioned data sets are listed in Table 2 . 
Erosion mapping with object-based image analysis
To identify and map the degraded sites on the orthophotos we used OBIA. The work-flow was developed with the software eCognition Developer (Version 9.3.2) ( Fig. 4) . As a first step, object primitives are generated by grouping together pixels with similar properties (1). For the generation of the object primitives, the multi-resolution segmentation algorithm of eCognition was used (scale parameter = 40, shape = 0.1, compactness = 0.5). The segmentation takes into account the heterogeneity of pixel values (RGB) as well as the size of the desired image objects. Additionally, the DTM and its derivatives as well as the calculated ExG index were incorporated during the segmentation process. Parameters were calibrated manually, while care was taken to achieve object primitives that best represent our target objects, which show a strong variation concerning their shape as well as size.
The orthophotos of the catchment were divided into four sub-sections to better handle the data load (above and below 2000 m asl as well as south and north of the river). In a next step, a manually calibrated ExG index threshold was applied to classify all objects belonging to the class vegetation (2). ExG thresholds varied from one orthophoto to the next, however, ideal values were well defined. For all other unclassified objects, samples were selected to represent their class (soil erosion, rocks, shadow, water, roads or buildings) (3). For every orthophoto roughly 3% of all objects were manually selected as samples across the entire area. Approximately 30% of the samples were selected to represent the class soil erosion, as this class contains bare soil areas as well as patches with strongly reduced vegetation cover, which exhibits a wide variety of appearances. The selected samples were used to train the random forest classifier based on the object features listed in Table 3 to classify all remaining unclassified objects (4). For the random forest classifier, which was applied within eCognition, we selected all 36 predictors (Table 3) , with 6 features considered per split with a tree size of 6 and a maximum tree number of 50, which offered the best trade-off between calculation time and classification performance. The object features used for the random forest classifier (Table 3) were selected from the point of view of differentiating soil erosion objects from all other objects (e.g. rocks, water, urban). Features consist of various layer values derived from the orthophoto, the ExG index, the DTM and its derivatives as well as geometric variables and object textural variables from the Grey Level Co-occurrence Matrix (GLCM) (Haralick et al., 1973) features within eCognition. Information on the feature importance results of the random forest classifier can be found in the supplementary material ( Fig. S1 ). At this stage, the random forest classifier has classified objects belonging to the class soil erosion. To allocate the specific erosion sub-categories to the soil erosion objects we created an additional rule set based on the visual appearance of the four sub-categories, described in detail below. For the differentiation between the categories we translated the visual characteristics in to suitable object features and calibrated thresholds (Table 4 ; for more details see Table S1 in the supplemental material) (5). We distinguish between erosion classes, that are clearly identifiable with distinct boundaries, namely shallow landslides, livestock trails and management effects. For sites with reduced vegetation cover and diffuse boundaries we assume sheet erosion to be the dominant erosion process.
Shallow landslides are distinguished by their clear boundary to the surrounding vegetation as well as their relatively compact shape and occurrence on steeper slopes (> 25 ) . Livestock trails, on the other hand, are Steps that require manual work are described in white boxes, while automatic steps are described in grey boxes. Numbered steps are further described in the text with (1)-(6). very uniquely elongated and narrow and follow the contour lines of the slope within a range of ± 20 . Management impacted grasslands are typically large, compact areas with distinct boundaries (e.g., within fences or ownership boundaries) and are found near the valley floor on gentle slopes ( < 25 ) easily accessed with machinery. Remaining objects are classified as areas with reduced vegetation cover susceptible to sheet erosion, as it is difficult to determine a certain pattern, due to the various shapes, sizes and locations of this type of erosion process. Post-processing in the form of visual assessment and subsequent manual corrections of the results was required to assure the comparability of the erosion classes between the individual years (6) ( Fig. 5 ). Objects with an area < 4 m 2 were removed from all results to assure conformity between all years, due to the varying GSD or the orthophotos.
Verification
For all erosion classes we conducted a thorough visual investigation with zooming in to the respective orthophotos to assure the accuracy of the classification results as well as an accuracy assessment of randomly selected points. The latter was conducted with five soil experts familiar with the field situation in the valley. Each expert evaluated 100 random points for each orthophoto, generating a total of 500 points per expert. Approximately half the sample points were randomly selected from the class background and the other half from erosion classes, to best evaluate the overall accuracy of erosion classes, which occur rarely compared to background pixels. The randomly chosen pixels were independently reviewed through visual assessment and were allocated by the experts to the following classes: shallow landslides, livestock trails, sheet erosion, management effects or background (anything other than soil erosion). These results were then compared to the results of OBIA to calculate accuracy scores for each mapped orthophoto. The accuracy was assessed based on the error matrix and the related statistics, namely the Overall Accuracy, Producer's Accuracy, User's Accuracy and Kappa coefficient (Radoux and Bogaert, 2017) .
Additionally, we calculated accuracy scores for shallow landslides for the two years (2000 and 2004) overlapping with the manually mapped landslides from the previous study by Meusburger and Alewell (2008) (only sites > 10 m 2 to guarantee comparability). Verification with field measurements was only possible with a limited selection of random sites, due to the large extent of the study area. Due to the extreme topography and the fact that field measurements were conducted 2 years after the newest orthophoto was taken (2016), the choice of suitable erosion sites was limited. While the location and the extent of shallow landslides can clearly be determined in the field it was not possible to determine the exact boundaries of the other erosion features two years later. For the mapped shallow landslides, field measurements of ten sites were compared to the length and width of the objects generated with OBIA. The measurements of the OBIA mapped landslides were corrected for the steepness of the slope to guarantee comparability.
Results & discussion
Spatial distribution of mapped erosion sites
Mapping of the orthophoto taken in 2016 resulted in 3.4% of the valley surface being affected by some type of erosion process (Fig. 6) . Examples of the four erosion classes and their appearance on orthophotos can be seen on Fig. 7 . The south-east facing slope is more strongly affected by soil erosion and contains 92% of all mapped sites. Concurrently, grassland is the dominant vegetation cover on this side of the valley. Most agricultural activity in the form of livestock grazing and haying takes place on the lower slopes of this side due to the higher fertility of the soil developed on calcareous and silicate schists, which in turn are prone to erosion. The grassland surface area in this land use zone ( < 2000 m asl) is affected by 6.8%. The north-west facing slope, on the other hand, is mostly covered with shrub vegetation (Alnus viridis, Sorbus aucuparia), and is less favored for agricultural use .
Shallow landslides are commonly quite small with an average size of 40.2 m 2 . They can, however, vary in size from very small (4 m 2 ) to 6172 m 2 for the largest site, which is located in steep terrain and caused by headward erosion of the stream. Most sites tend to be smaller but are often aggregated into groups, with 69.2% of landslides located within 10 m of each other. Additionally, landslide locations are often in close L. Zweifel, et al. Remote Sensing of Environment 235 (2019) 111441 proximity to streams, with 49.4% within a distance of 100 m. The slope angles at which shallow landslides primarily occur, range from 33 to 44 with a mean of 39 , which agrees with other studies (Blechschmidt, 1990; Rickli and Graf, 2009; Tasser et al., 2003; . The elevation of slopes affected by shallow landslides ranges from 1769 to 2087 m asl with a mean of 1931 m asl. The dominant slope aspects are east (43%) and south (41%) with fewer landslides located on western slopes (12%). These findings generally agree with studies conducted for other regions in the Alps, such as by Blechschmidt (1990) (Karwendel), Laatsch and Baum (1976) (Bavarian Alps) and Wiegand and Geitner (2013) (Tyrol). The south-east facing slope is exposed to more direct solar radiation and therefore experiences more snowgliding events and enhanced snow-melt, which can trigger shallow landslides (Meusburger et al., 2013; Tasser et al., 2003; . Furthermore, snow-gliding is more easily triggered with wet boundary layer between the soil and snow cover, which is more likely given with warmer ground conditions (Fromm et al., 2018; Newesely et al., 2000) . Livestock trails generally follow the contour lines and occur on moderately steep slopes (26 36 ), where cattle and sheep often traverse for grazing purposes. The average elevation of livestock trails is 1749 m asl and therefore are located close to the foot of the slope. There are, however, sites ranging up to 1834 m asl. The majority of livestock trails (85%) are found on the south-east facing side of the valley.
Sites with reduced vegetation cover caused by management effects are located near the foot of the slope (up to m asl 1596
) and occur on gentler slope angles (12 22 ). These areas are mostly used for hay production to feed livestock during winter months .
Exposed soil surfaces susceptible to sheet erosion (from here on referred to only as sheet erosion), is a phenomenon that occurs across the entire catchment on all grassland surfaces. The triggering factors for these exposed soil surfaces are not consistent. Sheet erosion sites at lower elevations are mostly in the proximity of livestock trails and are therefore connected to land use practices. The sites at higher elevations are most likely caused by precipitation and snow movement or snow melt. The shapes and sizes of the sheet erosion objects vary greatly from only 5 m 2 up to 3 ha with a mean of 117 m 2 . The average slope angles of affected sites range from 17 to 36 with a mean of 27 . Thus, sheet erosion is present on gentler as well as on steeper slopes.
Spatio-temporal development
Applying the OBIA method to historical orthophotos yields a time series with irregular frequencies starting from the year 2000. From 2000 until 2016 the measured area affected by soil erosion (sum of all four erosion categories) has increased by 156 ± 18% (estimated propagated error based on accuracy assessment). This increase can be observed for all occurring erosion types with various intensities (Fig. 8) .
To achieve a more comprehensive understanding of the dynamic aspect of the erosion sites, we analyzed temporal and spatial changes simultaneously. Sheet erosion and management effects have increased substantially since 2000 (from 10.30 to 28.75 ha for sheet erosion and 4.06 to 23.49 ha for management effects) with management effects Fig. 7 . Illustration of the different erosion types as they appear on the orthophoto (2016) and are subsequently mapped with OBIA. L. Zweifel, et al. Remote Sensing of Environment 235 (2019) 111441 showing strong variations from 2010 to 2013. Shallow landslides and livestock trails both are generally smaller in size and also affect a smaller area. Shallow landslides show a constant but comparably small increase from 9.07 to 10.21 ha between 2000 and 2016. Meusburger and Alewell (2008) and Alewell et al. (2008) concluded that the amount of soil material eroded by landslides is considerably smaller than by sheet erosion. We can confirm regarding the areal effect that shallow landslides, even though being the most obvious erosion feature, are quantitatively not the dominant erosion process in the Urseren Valley. Livestock trails affect only a small area due to their narrow appearance but have, nevertheless, steadily increased during the investigation period ( 1.04-3.06 ha) with a peak in 2013 (4.25 ha).
The decrease of livestock trails after 2013 is mainly due to the widening of the trails due to continuous trampling and grazing and/or climate effects which resulted in a shift into being classified as sheet erosion in 2016. The effect of livestock trails on erosion processes might be twofold. The horizontal structuring (i.e., "terracing") of the slopes can decrease the snow-gliding distance as well as the overland flow (Alewell et al., 2015; Tasser et al., 2003) . Due to this fragmentation of the grassland surface in these areas only small parts of the topsoil are able to slide off (Tasser et al., 2003) . On the other hand, due to the damaged vegetation cover and soil compaction caused by livestock trampling and grazing, shallow landslides and sheet erosion can be triggered more easily by winter processes (e.g., snow-melt or snow-gliding) and strong precipitation events/water saturation of soil (Alewell et al., 2015; Dommermuth, 1995; Konz et al., 2010; Tasser et al., 2003) . Our results show, that areas highly affected by livestock trails lead to increased areas with reduced vegetation cover as well as landslides over time. As such, an increased amount of livestock trails can be a triggering factor for other erosion processes. An overall increase in sites affected by sheet erosion is observed for the entire catchment. However, there is a high spatial variability observed in the results for the different orthophotos. This variability is due to the fact that these areas have a reduced vegetation cover, for which it is difficult to define clear boundaries. Especially in the case of very small degradation sites mapping precision as well as repeated detection on different orthophotos with differing color characteristics (e.g., solar angle, color tones) might be impaired. Additionally, having time steps of at least three years between the orthophotos allows for recovery of sheet erosion sites as well as the development of new sites. Areas that are permanently affected by sheet erosion are located at lower elevations in areas intensively used for pasturing.
The visual appearances of management effects, mainly caused by the use of heavy machinery or the application of manure at unsuitable times leaving the soil bare or the vegetation cover damaged, are very variable from one year to the next. Although the trend is generally increasing, possibly due to changing land use practices, the size of the affected area is very dependent on the timing of the orthophoto. In most cases these sites recover quickly, but in the meantime the exposed areas are vulnerable to erosion.
By dividing up the amount of eroded area in to elevation sections, we can observe the changes from 2000 to 2016 by erosion class (Fig. 9) . For livestock trails, sheet erosion and management effects the affected area has strongly increased at lowest elevations (1500 1750 m asl), which coincides with agricultural land use areas. For shallow landslides a shift in susceptibility zone can be observed. While higher elevations (1750 2250 m asl) show an increase, there is a small decrease at lowest elevations. This is discussed in further detail in Section 4.2.1.
Shallow landslides
The spatio-temporal analysis of shallow landslides is discussed in more detail, as the sites have unambiguous, clear boundaries and we were able to compare our data with a previous study of manually mapped landslides by Meusburger and Alewell (2008) . The temporal analysis reveals high dynamics within the catchment (Fig. 10) .
Changing areas are either highlighted as degrading (red; increasing trend) or as recovering (blue; decreasing trend). While recovery can be observed in some areas (i.e., north-east section and north-west facing slope), most grid cells show a strong increase, mainly located on the south-east facing slope. Most shallow landslides are located at midrange elevations (1750 2000 m asl) and have increased only slightly since the year 2000 ( Fig. 9 ). While areas near the valley bottom (1500 1750 m asl) show a minor decline, the amount of area affected by shallow landslides above 2000 m asl has increased by around 40% ( 1.8-3.1 ha). Affected areas near the valley floor are located in a geologically susceptible formation (Mesozoic layer) as well as regions heavily used for cattle and sheep pasturing (for more information on land use and geology see Meusburger and Alewell (2014) ). The increase at higher elevations cannot be explained by intensified land use practices, as there is hardly any change in the intensity of livestock grazing. Therefore, the increase might be caused by snow processes and precipitation. Field observations at these higher sites indicate snow-gliding processes during the winter, such as abrasion marks on the bare soil and rolled up vegetation in the vicinity of shallow landslides shaped by the pressure of the moving snow cover .
In addition to catchment scale overviews, the results allow for closeup evaluations of sites for better understanding of the local dynamic impacts on degraded sites (Fig. 11 ). In the depicted region, a triggering event between the years 2010 and 2013 caused a sudden increase of bare soil sites. The disappearance of shrubs might have been caused by a high intensity event, such as an avalanche, or an increase in sheep stocking, as sheep for debarking shrubs (e.g., Alnus viridis, Sorbus aucuparia) were introduced to the valley for landscaping purposes.
As the two orthophotos of 2000 and 2004 were also used in the study by Meusburger and Alewell (2008) , we compare results of manually mapped sites with results of OBIA (Fig. 12) . Because OBIA is capable of mapping smaller landslides ( > 4 m 2 ) than the manual method allows ( > 10 m 2 ), the total area is slightly higher for both years we compare (1.1 ha more on average). Still, the increasing trends are comparable between the two methods. The area affected by shallow Fig. 9 . Susceptibility zones with changes observed from 2000 to 2016 for shallow landslides (purple), livestock trails (orange), sheet erosion (yellow) and management effects (blue). Scales of the x-axis vary between erosion classes. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) L. Zweifel, et al. Remote Sensing of Environment 235 (2019) 111441 landslides has doubled since 1959 from approx. 5 to 10 ha, demonstrating that long term monitoring is a necessity, as recovering phases are succeeded by newly triggering events.
Possible causes for increasing trends in soil degradation
Our results show an increase for all erosion types during the study period. Meusburger and Alewell (2008) showed that shallow landslides specifically have increased over a longer time period using images dating back to 1959. Some factors influencing soil degradation and soil erosion can be considered constant over time, such as the geological bedrock or the topographical conditions. However, other factors influencing erosion processes undergo dynamic changes, such as climate conditions and land use management. We found that areas of the Urseren Valley at lower elevations are showing increasing amount of erosion including erosion patterns linked to anthropogenic activity, such as land use management. Regions at higher elevations are barely used for agricultural purposes and therefore the observed increase has to be linked to climate related factors or grassland abandonment (Tasser et al., 2003; Meusburger and Alewell, 2008) . Heavy machinery was introduced in the 1970's which simultaneously replaced traditional farming (e.g., manually repairing spots of damaged soil surface, cutting back single shrubs etc.) Scheurer et al., 2009) . We have been able to document this increase in observable management degradation on the lower slopes using OBIA. These management changes also influenced the use of livestock pastures. While remote and difficult to access areas were abandoned due to the resignation of permanent herding practices, areas closer to the valley floor and therefore easier to access, are being used more intensely . In addition to a decrease in the effective pasture areas (i.e., because higher alpine pastures were abandoned), the number of cattle and sheep was increased . These changes coincide with the increased amount of livestock trails observed and mapped at lower elevations, and may still have a continuous affect in the future. Sheet erosion is caused by increased run-off and/or by a reduction of the vegetation cover Nearing et al., 2004) . The vegetation cover can be damaged by grazing and trampling of livestock or biomass production can be affected by drought. The latter can cause hydrophobicity and sealing of the soil and thereby changes run-off properties (Konz et al., 2010; Nearing et al., 2004; Scheurer et al., 2009 ). Presently, there are more days in the summer without rain, and this is expected to continue in the future. However, extreme precipitation events will be more frequent, which has already been observed for many areas in Switzerland since 1901 (CH2018, 2018 . Prolonged intense precipitation events are also a major cause of shallow landslides L. Zweifel, et al. Remote Sensing of Environment 235 (2019) 111441 (Gariano and Guzzetti, 2016 ). An increasing temperature trend has been observed for winter months too, and is expected to increase in the future (CH2018, 2018). Rapid snow-melt with warmer spring temperatures, causes additional run-off threat to soils (Konz et al., 2012; Saez et al., 2013) . The winter temperatures could also have an influence on the occurrence of snow-gliding, which is the most common cause of shallow landslides . Fromm et al. (2018) found, that parameters such as higher soil temperatures and higher soil moisture contents cause increased snow-gliding. Snow movement can also produces fissures, that can lead to the formation of new landslides (Blechschmidt, 1990; Leitinger et al., 2008; Meusburger and Alewell, 2009; Wiegand and Geitner, 2010b; Newesely et al., 2000) . The effects of climate change on erosion processes can be complex due to feedback mechanisms. However, with the effects of both longer dry phases and extreme precipitation events as well as altered snow dynamics we can expect more soil degradation to occur, which is consistent with our observed trends (Nearing et al., 2004; Pruski and Nearing, 2002; Saez et al., 2013; Wood et al., 2016) .
Accuracy assessment
For all erosion classes we conducted a thorough visual investigation with zooming in to the respective orthophotos to assure the accuracy of the results. The analysis showed, that for livestock trails, sheet erosion and management effects the degraded areas are underestimated. For this reason, values of areas affected by these three erosion classes are to be considered as conservative estimations, with real numbers being considerably higher. Visual assessments of the orthophotos confirmed our general increasing trends of soil degradation. Additional accuracy assessment was conducted on the basis of randomly selected points, which were evaluated by experts familiar with the field situation in the valley (see Section 3.3). The evaluated points were compared to the results of OBIA to calculate accuracy scores for each mapped orthophoto (Table 5 ). The Overall Accuracy is in a range of 0.78 to 0.88 for all orthophotos with Kappa coefficients ranging from 0.65 to 0.81. Lower scores were achieved for the year 2004, which also has the darkest color conditions and was therefore harder to work with. With similar scores for the year 2000 compared to newer images (2010, 2013, 2016) , we can assume, that the lower spatial resolution does not have major impacts on the accuracy of the results.
With OBIA we generally obtain more accurate boundaries of erosion features and also detect smaller sites, which are mostly missed during manual mapping (Fig. 13) . Nevertheless, we also compared the shallow landslides of the manual data set to our OBIA results (only sites > 10 m 2 to guarantee comparability) and calculated accuracy measures based on overlapping objects for the years 2000 and 2004. The OBIA mapped landslides have a Producer's Accuracy of 0.91 and a User's Accuracy of 0.86, which coincide with visual assessments, that landslides are the erosion features with the highest mapping accuracy. Additional measurements in the field showed, that the mean areal deviation between measurements and their corresponding sites mapped with OBIA is 6.5%.
Limitations of the method
The investigation of the results showed, that the quality of mapped shallow landslides is very satisfying (Section 4.4) . The other erosion classes have boundaries that are difficult to precisely delimit due to were mapped manually by Meusburger and Alewell (2008) and purple points (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) were mapped using OBIA. Lines indicate the trend given by a linear regression. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) (2000) showing the results of the OBIA classification (purple) vs. the manual classification (black) of shallow landslides produced by Meusburger and Alewell (2008) . (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) smooth transitions (sites with reduced vegetation cover susceptible to sheet erosion) or are simply too fine to always capture their entirety (livestock trails). The lower spatial resolution of 0.5 m of the orthophotos taken in 2000 and 2004 makes the precise erosion mapping more difficult, especially in the case of livestock trails. Even though features with clear boundaries > 4 m 2 were detected, the overall area mapped as degradation is rater underestimated due to (i) underestimation of feature area or (ii) non-detection of features with very diffuse boundaries. Other issues we encountered were the varying color spectra of the orthophotos mainly caused by the different acquisition times. This had a significant effect on the color of the vegetation, which required adaptations of the OBIA work-flow concerning ExG thresholds and some color related features such as brightness. Additional manual corrections were necessary to assure the correct mapping with OBIA and to guarantee the comparability between the individual years ( Fig. 5 ). For certain years up to 20% of soil erosion object classifications had to be changed manually after applying OBIA. Re-classifications mainly consisted of changing sheet erosion to shallow landslides and vice versa, to match mapping results of preceding orthophotos. Another source of error were individual rocks, which were not always successfully excluded from the soil erosion objects during the random forest classification. In some cases it was not possible to select perfect thresholds for the rule set, which assigned one of the four specific erosion categories to the soil erosion objects. In these cases the objects were wrongly classified as sheet erosion before manual corrections, as this is the remaining erosion class by default. The work time to map one orthophoto was approximately 4-5 working days including manual corrections.
Conclusions & outlook
For this study, we developed a holistic approach using OBIA to provide information on the location and extent of different erosion features on high-resolution orthophotos (0.25 0.5 m) for the Urseren Valley (Central Swiss Alps). We were able to use OBIA to map and classify sites according to the main erosion process or triggering land use management impact. For this purpose, we differentiate between erosion sites with clear boundaries (shallow landslides > 4 m 2 , livestock trails or management effects) and degraded sites with more diffuse boundaries (sites with reduced vegetation cover susceptible to sheet erosion). The differentiation between soil erosion class as well as the possibility to map small erosion features is crucial for the understanding of ongoing soil degradation within the catchment as well as for decision making at the level of local authorities to determine suitable land use and mitigation possibilities.
Our results show that soil degradation has increased during the study period for all erosion classes. The south-east facing slope, which has a higher fertility and therefore is used more intensely for pasturing, is affected by 90% of the ongoing soil degradation. We found that an increase of soil degradation at lower elevations is mainly due to land use practices, as increases were primarily classified as livestock trails, sheet erosion and management effects. Slopes at higher elevations, however, which are not or only to a limited extent used for grazing purposes are mostly affected by an increasing amount of shallow landslides and sheet erosion, that we associate with changing climate conditions (e.g., more frequent precipitation events, prolonged drought and changing snow dynamics).
Verification and corrections of the results are labor intensive and affected areas are often only conservative estimates due to the limiting factor of the spatial resolution of the images used. The results of the mapped erosion categories have Overall Accuracy scores of 0.78-0.88 (Kappa of 0.65-0.81). The date of acquisition of the orthophotos (e.g., color or state of the vegetation) and temporal variability of erosion processes are the main challenges for the mapping procedure. Especially fine erosion features, such as livestock trails, are often difficult to map in their entirety, due to the spatial resolution of the images. Small erosion sites are generally more difficult to detect repeatedly from one year to the next, due to the dynamic nature of these erosion sites, which also includes recovery of affected areas.
Spatial resolutions of orthophotos and digital terrain models are expected to increase in the future with SwissImage already being produced with a GSD of 10 cm for certain regions in Switzerland. These improvements in data quality will increase the capability of OBIA mapping. Not only will finer objects become easier to classify, but also the textural information used during the analysis is likely to improve. Furthermore, including more spectral bands, such as near infrared, would increase classification accuracy. Although this data is available (e.g., SwissImage RS containing RGB and NIR channels), no historical data set exists yet, which was an essential limitation for this study. OBIA has proven to be a powerful tool for mapping erosion on catchment scale and allowed us to achieve a comprehensive understanding of the ongoing soil degradation situation in the Urseren Valley. The method allows for a better understanding of the different causes leading to soil erosion as well as the resilience of the soils. The method is transferable to other regions of similar scale, with slight adaptations to the work-flow concerning local conditions, such as the aspect of slopes in the valley (e.g., for the direction of livestock trails or color conditions of the images). However, the labor intensity of OBIA likely hinders efficient up-scaling of research areas to regional, national or continental scale. As such, for large-scale studies alternative methods such as Deep Learning might be considered for the detection and classification of objects on remotely sensed images.
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